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Nearly horizontal, quasi-periodic erosional features of 7-m average transverse wavelength and of order 
100-m length occur in scattered locations from 3.5 to 9 km from the crater at Mount St. Helens under 
deposits of the lateral blast of May 18, 1980. We attribute the erosional features to scouring by longitudi- 
nal vortices resulting from flow instabilities induced by complex topography, namely, by streamline 
curvature in regions of reattachment downstream of sheltered regions, and by the cross-flow component 
of flow subparallel to ridge crests. The diameter of the vortices and their transverse spacing, inferred from 
the distance between furrows, are taken to be of the order of the boundary layer thickness. The inferred 
boundary layer thickness (• 14 m at 9 km from the source of the blast) is consistent with the running 
length from the mountain to the furrow locations. By using knowledge of ablation patterns on bodies 
and lofting of dust in high-speed flow, we are able to infer some features of the flow field within the blast. 
Within the furrows the erosion rate was of the order of 9 kg m-2 s-x, about 4 times greater than that 
expected from laboratory data obtained in flow free of longitudinal vortices. The orientation of furrows 
induced by the cross-flow instability can be used to measure the upwash angle and estimate the flow 
Mach number: at the central ridge of Spirit Lake the Mach number is inferred to have been about 2.5, 
and the flow velocity approximately 235 m/s. The similarities and differences between the furrows 
reported here and channels observed at other volcanoes are discussed. 
1. INTRODUCTION 
A volcano can be viewed as a source from which occasional 
disruptions in the sedimentary sequence of adjacent terrain 
originate. At the volcano an eruption has one or more waxing 
and waning stages. Historically, reconstruction of the dynam- 
ics of explosive volcanic eruptions has relied mainly on studies 
of deposits left during the waning phases of flows, blasts, 
surges, or Plinian columns. However, as pointed out by Fisher 
[1977], keys to the understanding of eruption dynamics also 
may be imprinted on a landscape during the waxing stages of 
eruptions, particularly when pyroclastic flows and surges are 
involved. Few observations have been made relevant to the 
erosional waxing stage because it is manifested as an eroded 
surface, not a new deposit. Such surfaces are difficult to recog- 
nize or interpret in cross section and are rarely revealed in 
three dimensions. Yet much of the destructive power of vol- 
canic eruptions is exerted during the formation of these sur- 
faces, and their features may carry important information 
about the early development of blasts, surges, and pyroclastic 
flows. Understanding the processes by which such erosion sur- 
faces are created is of fundamental importance to volcanic 
hazard studies. 
There is a rare opportunity to study eruption-caused ero- 
sion at Mount St. Helens because expressions of the erosional 
stage, including sand-blasted trees and scoured landscape, are 
ubiquitous and are well exposed or only thinly covered by 
blast deposits. We describe erosional features, which we call 
furrows, created by the lateral blast of May 18, 1980, at 
Mount St. Helens. The furrows are similar in cross section and 
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dimension to radial troughs observed on the cones of Taal 
Volcano [Moore, 1967], Bfircena Volcano, Mexico [Richards, 
1959; Fisher, 1977], Cerro Colorado, Mexico [Wohletz, 1977], 
Latera and Baccano craters, Italy [Losacco and Parea, 1969; 
Mattson and Ah.'arez, 1973], and Beagle Crater, Galapagos 
[Darwin, 1896], but may differ in depositional and/or erosion- 
al relations to underlying and overlying deposits. They seem 
to be different from the larger channels described by Rowley et 
al. [1981, p. 509] cut by pyroclastic flows on the flanks of 
Mount St. Helens, and the U-shaped channels reported by 
Fisher [1977] at Koko Crater, Hawaii, and Fisher and Sch- 
minke [1984, p. 257] at Lacher See, Germany, which may have 
been cut by the lobes of base surges. The furrows at Mount St. 
Helens are distinguished by the distance from the source at 
which they occur and by subhorizontal orientations, in con- 
trast to downslope orientations at most of these other lo- 
cations. 
The furrows always occur in groups consisting of tens of 
individual furrows, and they typically occur on or near ridges. 
In this respect they are similar in form and distribution to 
familiar ablation patterns which form on nose cones of mis- 
siles and tektites during entry into the Earth's atmosphere. 
That is, during the lateral blast at Mount St. Helens the ridges 
were analogous to bodies in high-speed atmospheric flight or 
in high-speed wind tunnels. This analogy provides the op- 
portunity to use knowledge of ablation and lofting of dust in 
high-speed flow to characterize the blast flow at Mount St. 
Helens. In particular, we attribute the furro.ws to erosion by 
longitudinal vortices, that is, vortices aligned with the direc- 
tion of flow. In order for such prominent and regular erosional 
features to occur, there must be strong interaction between the 
vortex flow and the eroding geometry of the ground, just as 
with the formation of ablation patterns; presumably, the for- 
mation of furrows enhances the strength and coherence of the 
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TABLE 1. Locations of Furrows at Mount St. Helens 
Locality 
Coordinates 
(Min From Section of 
46øN 122øW) T9N R5E Remarks 
Studebaker Ridge 
S1 13.6'N 13.4'W SE Qtr Sec 30 
Sla 13.5'N 13.4'W NE Qtr Sec 31 
Slb 13.6'N 13.3'W SE QtrSec31 
S2 13.5'N 13.2'W NE Qtr Sec 31 
S3 13.5'N 13.1'W NE QtrSec31 
S4 13.4'N 13.1'W NW Qtr Sec 32 
S5 13.2'N 13.1'W NE QtrSec31 
S6 13.9'N 13.4'W SE Qtr Sec 30 
S7 13.7'N 13.5'W SE Qtr Sec 30 
S8 13.9'N 13.8'W SW Qtr Sec 30 
S9 13.0'N 14.0'W SW Qtr Sec 30 
S10 13.7'N 13.2'W SE Qtr Sec 30 
SllN 14.7'N 13.5'W SE Qtr Sec 19 
SllS 14.5'N 13.4'W SE Qtr Sec 19 
Windy Ridge 
and Smith Creek 
W1 14.2'N 9.0'W NW Qtr Sec 26 
W2 14.4'N 8.7'W NE Qtr Sec 26 
W3 14.3'N 8.6'W NE Qtr Sec 26 
W4 14.4'N 8.5'W NE Qtr Sec 26 
W5 14.4'N 8.4'W NE Qtr Sec 26 
W6 14.3'N 8.7'W NE Qtr Sec 26 
Johnston Ridge 
J1 16.9'N 12.7'W NW Qtr Sec 8 
J2 17.0'N 12.9'W NW Qtr Sec 8 
J2a 17.0'N 13.0'W NW Qtr Sec 8 
J2b 17.0'N 13.2'W SE Qtr Sec 6 
J3 16.9'N 13.4'W NE Qtr Sec 7 
J3a 16.7'N 13.3'W NE Qtr Sec 7 
J4 17.0'N 13.9'W NW Qtr Sec 7 
J5 16.8'N 13.2'W NE Qtr Sec 7 
Harry's Ridge 
H1 16.8'N 10.3'W NW Qtr Sec 10 
H2 16.8'N 10.2'W NW Qtr Sec 10 
Central Ridge 
C1 16.7'N 8.7'W NW Qtr Sec 11 
Preblast forestation unknown 
Sites at localities S2-S11 (N and S) identified 
on air photos but not verified in the field 
Sites at localities W4-W6 identified on air 
photos but not verified in the field 
Virgin forest, both sides FR4024 
Steep slope, edge of forest 
Clear-cut, in drainage 
Virgin forest, ridge slope 
Clear-cut, Ohanapecosh Formation outcrop 
Clear-cut, in drainage 
Virgin forest, site unverified 
Clear-cut, site unverified 
Virgin forest, extensive area west of crest 
Virgin forest, extensive area east of crest 
Adjacent to Spirit Lake run-up trim line 
vortices, while the increased vortical intensity hastens erosion. 
Coherent vorticity in turbulent flow, e.g., large eddies in the 
atmosphere and ocean, plays an important role in fluid mixing 
and transport [Roshko, 1976]. In this paper we document this 
example of enhanced erosion by large-scale vortices in a vol- 
canic setting, and we estimate the Reynolds number, Mach 
number, G6rtler number, and erosional efficiency of the blast 
at Mount St. Helens. 
2. DESCRIPTION 
The furrows at Mount St. Helens are exposed in a zone 
between the area in which most trees (and much of the thin 
forest litter) have been removed by the blast and/or buried by 
the debris avalanche, and the distal region where trees are 
downed but appear nearly in place. As listed in detail in Table 
1 and summarized in Figure 1, some of the furrows are found 
in a proximal zone 3.5-5.5 km from the origin of the blast in 
two areas outside of the sector scoured and overlain by the 
debris avalanche. These two areas bear 50 ø west and east, 
respectively, of the central axis along which the blast was 
directed. The proximal furrows are best exhibited at Studeba- 
ker Ridge (S in Figure 1; Figure 2) and Windy Ridge (W in 
Figure 1). Furrows also occur in a distal arc 8-9 km from the 
source, bearing from 20 ø west to 20 ø east of north. In this 
region they are especially prominent at Johnston Ridge (J in 
Figure 1; Figure 3), Harry's Ridge (H in Figure 1; Figures 4 
and 5}, and the unnamed central ridge extending south into 
Spirit Lake (C in Figure 1; Figure 6). The furrows at Johnston 
Ridge occur on the north (lee) side of the ridge as far as 290 m 
in altitude below the crest. 
The furrows lie in specific zones of tree abrasion, blast de- 
posit thickness, and average largest particle size in the blast 
deposit (J. G. Moore, oral communication, 1987). As shown by 
the contours in Figure l a, abrasion on small trees that were 
salvaged from these zones was typically 50-100 mm. Figure lb 
shows that the furrowed areas tend to fall where the thickness 
of the coarse basal unit of Moore and Sisson [1981] exhibits 
large variations between 0 and 100 mm. Though the vari- 
ations observed in our work of the thickness of this deposit 
from one furrowed area to another are consistent with the 
trends indicated in Figure lb (cf. Table 2), our observations 
did not disclose significant variations of deposit thickness 
within any given furrowed area. Figure l c shows that the 
largest clasts found in the basal unit were typically 10 cm or 
larger. 
Within the zone where furrows occur, the entire landscape 
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-.Fig. 1. Locations of furrows documented to ate, superimposed n a simplified topographic and geologic map Of 
Mount St. Helens howing the deposits associated with the 1980 and subsequent eruptions. The furrowed areas that have 
l•een identified from air photos and/or verified inthe field are shown i black; the Studebaker Ridge (S) and Windy Ridge (W) localities are in the "proximal zone," and the Johnston Ridge (J), Harry's Ridge (H), central ridge xtending'into Spirit 
Lake (C), and Harmony Falls (F) localities are in the "distal zone." See Table 1 for specific locations. The dashed line 
separating the direct and channelized blast zones indicates the approximate boundary between an inner area where the 
direction of tree fall and inferred blast direction is relatively independent of large-scale topography and an outer zoiae 
where the direction of tree fall and inferred blast direction depends quite strongly on relatively subtle topography (see 
Kieffer [1981] for details). (a) Superposed contours showing thickness of wood removed from the sides of small trees and 
stumps facing the volcano (in millimeters.) Note that most furrowed areas lie close to the 100-mm contour, and all are 
nearly confined between the 50- and 100-mm contours. All contours in Figures la-lc are from Moore and Sisson [1981]; 
see that reference for details. (b) Superposed contours of average thickness of coarse basal unit of blast (in centimeters). 
This unit consists of layers A0 and A1 of Fisher et al. [1987]. Although it is not obvious from this map because flow 
directions are not explicitly shown, the contours show that the furrowed zones occur where the thickness of the basal blast 
deposit decreases dramatically in the downstream direction (with the exception of the Johnston Ridge location). '(c) 
Average diameter of the three largest clasts within the surge deposit (in centimeters). With the exception of the Harmony 
Falls area, the largest dasts tend to exceed 10 cm in the furrowed areas. The base map in Figures ia-ic is simplified from 
a geologic map from Lipman and Mullineaux [1981]. 
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was lowered to tree-root level (for Douglas fir trees, the root 
level is typically 0.3-0.5 m below the litter surface (K. Graves, 
oral communication, 1987)), and additional erosion occurred 
within the furrows. Between furrows therefore root systems 
and some of their host soils/deposits remain, whereas this ma- 
terial has been removed within the furrows. Partial filling of 
the furrows by deposits from the lateral blast subdues the 
erosional corrugated profiles and gives furrowed hillsides a 
terraced appearance. The axes of the furrows are nearly paral- 
lel to the local direction of the blast (as inferred from abrasion 
on tree trunks and the orientation of downed trees) and are 
usually within about 10 ø of horizontal. In the field, relation- 
ships between furrows, grooves, the avalanche trim line, and 
water runoff channels need to be carefully distinguished (e.g., 
as on Harry's Ridge where Figure 4 shows the avalanche trim 
line, a landslide scarp, and the furrows). 
Although the locations where furrows have been found are 
limited (it may be that some locations where they would have 
been found are concealed by the landslides and pyroclastic 
flows north and east of the mountain), where furrows have 
been found, they occur in large numbers. For example, they 
cover the headwall at South Coldwater Creek on Harry's 
Ridge, and on the east side of Harry's Ridge they occur in a 
band extending 220 m in altitude below the summit (Figure 4). 
Although now prominent, the furrows went unnoticed for sev- 
eral years after the May 18, 1980, eruption because the local 
detailed topography caused by the furrows was mantled by 
the postblast ash deposits. By 1985, recognition of the furrows 
from the air had been enhanced by partial erosion of the ash 
deposits which wash downslope into low points in the furrows. 
Whereas in the early 1980s the light color of the ash deposits 
covering the furrows tended to make recognition of them diffi- 
cult, now that the ash deposits lie preferentially within the low 
points of the furrows, the light color of the ash actually high- 
lights the presence of the furrows (Figure 7). Erosion is, how- 
ever, degrading the furrows: rainwater ponds in them, flows 
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along them longitudinally where their axes are gently dipping, 
and then typically breaks out to form narrow gullies that run 
downslope. Thus in air photos, furrowed slopes often exhibit a 
nearly orthogonal mesh of furrows and gullies (Figure 7b). 
Figures 8 and 9 show the influence of furrows on the devel- 
opment of gullies in more detail. The subdivision of the long 
furrows into short sections by the gullying process (perhaps 
within days to months after furrow formation) probably con- 
tributes to the problem mentioned above of recognizing fur- 
rows in the stratigraphic record. 
Where deposits from ash falls subsequent to the morning of 
May 18, 1980, were heavy, as in the upper Smith Creek drain- 
age, the furrows are still nearly buried and often almost indis- 
tinguishable. At such localities it has not been practicable to 
dig through the thick deposits to study them. Table 1 lists the 
localities at which furrows have been found during field sur- 
veys or identified on aerial photographs. There seems to be no 
correlation between the propensity for furrows to form and 
the state of preblast forestation (e.g., virgin forest versus clear- 
cut land). 
Furrows occur in two settings distinguished by different 
relations between topography and fluid-mechanical environ- 
ments, illustrated in Figures 1 and 4. (Laboratory experiments 
with experimental analogs of these settings are discussed in 
the last part of this paper and are shown in Figure 15.) In the 
first setting, furrows are found downstream (relative to the 
local direction of the lateral blast) of patches of remnant trees 
and stumps that were preserved in topographically sheltered 
places. This geometry is illustrated in both map view and 
cross section in Figure 4, which shows how the blast flowed 
up the prow of Harry's Ridge, detached when it reached the 
sudden change in curvature at the summit, and reattached 
about 240 m downstream on the west slope. The west slope of 
Harry's Ridge is a concave cirque; a possible effect of this 
curvature on the flow is discussed in section 4. In the sheltered 
region downstre•m of the detachment point there was a rela- 
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Fig. 2. Furrows of about 5-m wavelength at locality S1, Studebaker Ridge. Looking north toward North Fork Toutle 
River. The primary mechanism of erosion at Studebaker Ridge appears to have been furrowing by crosseflow instability 
(see section 3 for discussion). 
tively low-energy recirculating motion. Evidence of the recir- 
culation can be seen in the conical shapes of the remnant tree 
stumps in such regions' the stumps were eroded on the wind- 
ward side by direct impact of the blast, and on the leeward 
side by abrasion by the recirculating flow (Figure 10). Al- 
though there are remnant stumps and, in some cases, trunks in 
the sheltered zones upstream of the furrows (Figure 4b), the 
furrowed slopes downstream of reattachment are highly 
eroded and conspicuously free of tree trunks. 
!.n the second setting, furrows occur on and near the crests 
of ridges oriented subparallel to the inferred flow direction 
(Figure lb, the central ridge and Studebaker Ridge; Figures 2 
and 6). In such circumstances the component of flow across 
the ridge (cross flow) could lead to furrow formation (see sec- 
tion 3). The furrows on the central ridge extending into Spirit 
Lake trace a helical pattern from one side of the ridge across 
the crest o the other. The most prominent example of such a 
helical furrow is shown in Figure 11. 
Prominent furrows also occur near the prow of the central 
ridge on terrain that was washed by the avalanche-generated 
wave in Spirit Lake. They are very regular and somewaht 
larger in scale than the ones above the wave run-up line, and 
they may exhibit crosshatching (see section 3). It is not known 
whether they were generated before, during, or after the wave 
run-up. Because the circumstances of their formation may be 
more complex, we do not consider them further in this work. 
Fig. 3. Furrows on north side of Johnston Ridge (locality J2) overlooking South Coldwater Creek. Widest furrow 
(J2-I5, shown by arrow) is 16 m wide from crest to crest. Furrows at this site occur between a sheltered separated-flow 
region in the foreground and a convex lightly eroded crest just downstream, and are notable for their short length (see 
section 4 for discussion). 
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Fig. 4. (a) Map of Harry's Ridge showing the distribution of individual furrows (solid lines) identified on aerial photos 
25-3 and 26-11 of black-and-white series of the USGS dated July 7, 1984. Many of these furrows were verified in the field. 
Others, observable in the field or on other air photos, are shown as short dashes. The continuous dashed line is the trim 
line of the debris avalanche; dotted line is scarp of slump of soil and rock; dash-dot lines are ridge crests. Average flow 
direction shown by heavy arrow. Separation of flow occurred approximately along crest A-S, and reattachment occurred 
upstream of the furrows along the indicated reattachment line (heavy dashed where estimated). Note second small zone of 
separation and reattachment at the saddle near area B. (b) Cross section along X-X', showing separation and reattachment 
lines. The vertical lines in the separation zone represent the decreasing height of sheared trees from ridge crest to the 
reattachment line. From such data, we estimate a radius of curvature for the reattaching flow to be of the order of 100 m. 
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Fig. 5a 
Fig. 5b 
Fig. 5. (a) Furrowed hillside at the headwall of South Coldwater Creek. View is looking east at the northern part of 
Harry's Ridge. Several tens of furrows give the slope a terraced appearance. Avalanche deposits cover the foreground at 
the bottom of the photograph. There is no evidence that the avalanche rode higher onto the hillside than these deposits. 
Distance along the skyline ridge shown in the photograph is 600 m. (b) High-altitude aerial photograph (from USDA-F 12 
616030b 1285-B4, dated August 25, 1985) of Harry's Ridge, looking west, showing furrows on its eastern flank. At top of 
photograph is the headwall of South Coldwater Creek, shown in Figure 5a. Summit of Harry's Ridge is marked by cross 
at left top. View shows extensive furrowing from south of the summit to the sheltered region at extreme right. Distance 
along the ridge from the summit to the bifurcation point at extreme right center is 600 m. 
In general, furrows are partly filled with deposits of the 
lateral blast, but often the deepest furrows are almost com- 
pletely free of blast deposits (e.g., at locality J2, Figure 3). The 
fact that the slopes immediately upstream (e.g., in the near 
foreground, Figure 3) and downstream of the furrowed slopes 
in the figure are mantled with blast deposits suggests that 
during the depositional phase enough flow energy remained to 
maintain the furrowing mechanism. In locations where the 
furrows are partly filled with deposits, by the time deposition 
began the furrows had already been formed, so they were 
rapidly filled by mobile blast debris. In these cases the true 
eroded surface can only be recognized in erosional gullies that 
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Fig. 6a 
Fig. 6b 
Fig. 6. (a) View of furrows on the crest of the central ridge (locality Cl) looking south. Furrows originate at the right 
ridgeline in the center of this view and extend to the left toward the camera at an average angle of 6 ø greater than the 
bearing to the center of the crater. Distance from furthest point on ridge crest to photographer is 150 m. (b) Schematic 
illustration of the centerlines (heavy solid lines) of the furrows of Figure 6a. 
transect the furrows or in trenches (Figure 12). Deposition 
into the furrows during a post-erosional phase may have oc- 
curred by two processes, one in which the furrows acted as 
receptacles for direct deposit of waning phase material, and 
the other in which they acted as receptacles for the downslope 
movement of mobile blast ejecta. 
Remnants of timber removed from furrowed slopes cannot 
be found downstream of the furrows (for example, in the next 
sheltered region downstream, as in the second sheltered zone 
on Harry's Ridge shown in Figure 4b). We infer therefore that 
the trees and bushes on furrowed slopes were shredded to 
small pieces almost immediately after they were reached by 
the blast and carried away. One exception occurs just down- 
stream of the reattachment line at locality H1 on Harry's 
Ridge, where organic-rich basal blast deposit (designated AO 
by Fisher et al. [1987]) has been found in the bottom of 
furrows under A1 blast deposit. We interpret its presence in 
the furrows near the reattachment zone but not further down- 
stream to mean either that tree shedding in the large sheltered 
region at Harry's Ridge continued into the waning stages of 
the blast or that large amounts of organic and blast debris 
were trapped for the duration of the blast in the recirculating 
flow there. 
As discussed in section 3, it is likely that local features of the 
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TABLE 2. Furrow Dimensions 
Slope Slope Depth,* cm Crest-to-Crest 
Furrow Area, m e Distance, m Width, m Mean Maximum Slope, deg 
Blast 
Deposit 
Maximum 
Depth, cm 
Central Ridge, West 
CI-W1 0.73 0.4-7.0 6.6 11 22 16 24 
CI-W2a 0.31 7.0-9.7 2.7 11 10 19 31 
CI-W2b 0.27 9.9-12.2 2.3 12 22 17 22 
CI-W3 0.47 13.8-20.5 6.7 7 40 21 15 
CI-W4 0.40 20.5-26.0 5.5 7 44 22 37 
CI-W5 1.31 26.5-34.4 7.9 17 48 22 12 
Central Ridge, East 
C1-E1 1.15 0-9.4 9.4 12 22 3 23 
C1-E2 0.73 9.4-14.3 4.9 15 26 8 34 
C 1-E3a 0.39 16.1-18.4 2.3 17 24 23 19 
C 1-E3b 1.31 18.4-23.2 4.8 27 46 18 26 
C1-E4 0.46 27.5-31.9 4.4 11 19 27 0 
Harry's Ridge 
H2-Rt66 4.54 0-6.6 6.6 69 96 20 37 
Johnston Ridge 
J2-I5 
0 m 0 -2.2-13.2 15.4 0 0 25 0 
10 m 8.24 -4.0-10.2 14.2 58 110 24 0 
15 m 11.32 -5.8-10.0 15.8 72 120 26 0 
20 m 7.68 -5.2-12.1 17.3 44 90 30 0 
37 m 0 -5.5-9.5 14.9 0 0 29 0 
*Depths are measured normal to the crest-to-crest lope. Mean depth is the area divided by the slope 
width. 
preblast topography, such as tree stumps or concavities, may 
act as nuclei for the formation of longitudinal vortices, that is, 
vortices aligned in the direction of flow. The nature of the 
preblast landscape and of its erosion during the blast can be 
determined by tracing individual stratigraphic units under the 
furrows. Figure 13 shows a cross section of one furrow (C1- 
W3) in which uneroded contacts between two units of Pine 
Creek deposits (P for clay-rich ash; Pg for a sandy ash), and 
Smith Creek deposits (Y) [Crandell and Mullineaux, 1973; Mul- 
lineaux et al., 1975] on the downhill side of the furrow suggest 
that the furrow formed where a depression had existed in the 
preblast topography. 
Figure 14 shows four cross sections of furrowed areas in the 
distal zone (i.e., at localities C1, H2, and J2) from which esti- 
mates have been made of the amount of material removed to 
form furrows. In plotting the data for furrows CI-Wl to 
CI-W5 (Figure 14a), adjustment has been made for the above- 
mentioned preexisting curvature of the slope by using the 
uneroded stratigraphic contacts as straight baselines, relative 
to which the measured thicknesses are indicated. The cross- 
sectional areas of the furrows, representing the material 
eroded by the furrowing process, were calculated after this 
transformation was made. The values so obtained were as 
much as 50% less than before the correction, where the preex- 
isting concavity is counted as part of the furrow. The preblast 
contacts observed in furrows C1-E1 to C1-E4 on the east side 
of the central ridge showed no such large-scale concavities, 
but only small-scale fluctuations, shown in Figure 14b, caused 
by possible inaccuracy of the measurements, bioturbation, etc. 
Thus a similar correction was not necessary for Figure 14b. 
Figure 14c shows the cross section of perhaps the deepest 
furrow on Harry's Ridge, H2-Rt66 (see Figure 8). Removal of 
May 18 blast deposit shows that the furrow is considerably 
deeper than superficial examination would suggest and that 
the bottom actually forms a trough. Figure 14d shows five 
cross sections (two of which are simply representations of the 
mean slope at the ends) of furrow J2-I5 on Johnston Ridge. As 
described above, this furrow and its neighbors contained no 
blast deposit, so no trench was dug. Cross-sectional area, 
width, and the average and maximum observed depth (with 
the blast deposit removed) derived from Figure 14 are present- 
ed in Table 2. The uncorrected slope from tangent to tangent 
across each furrow at the location of the traverse and the 
maximum depth of the blast deposit observed in each furrow 
are also given. The column headed "slope distance" defines the 
crest-to-crest limits of each furrow, in relation to the axes 
presented in Figure 14. The values in the column headed 
"slope width" are elsewhere in this text referred to as "trans- 
verse wavelength." The last five entries in the table are from 
the cross sections of Figure 14d. 
The average depth of pre-1980 material removed from the 
measured furrows on the west side of the central ridge is 11 
cm, on the east side is 16 cm, and at H2-Rt66 is 69 cm. The 
total volume removed from furrow J2-I5 is approximately 200 
m 3 over a projected area of 520 m 2, yielding a mean depth of 
40 cm. The average of this depth with the depths at localities 
C1 and H2 reported in Table 2 is 19.7 cm. The transverse 
wavelength (slope width) ranges from about 2 to 17 m; most 
often the wavelengths are in the range 3-7 m. Treating C1- 
W2a,b and C1-E3a,b each as one furrow and counting the 
mean slope width of J2-I5 once, the furrows in Table 2 have 
mean slope width of 7 m. (We note that these dimensions are 
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Fi•. 7a 
Fig. 7. (a) Aerial photo of the headwall of South Coldwater Creek and summit of Harry's Ridge with furrows from 
center to lower left appearing light due to ponding of deposits. View is toward the southeast. At center right, directly 
below summit ridge on. the west slope, is the sheltered region (with downed trees) from which the furrows originate. 
Another sheltered slope, extreme left, on the east side of the ridge terminates the furrows. White region is avalanche 
deposit, covered by pyroclastic flows. Bare zone in the right b//ckground is the avalanche scar (or secondary landslide) on 
the west side of Harry's Ridge. Many of the furrows in this photo are indicated in Figure 4, west of the ridge crest. 
Straight-line distance from the ridge summit to the end of the ridge at the bottom of the photograph is 800 m..(b) Enlarged 
view, from a more vertically oriented vantage point, of the furrowed region of Figure 7a, showing the high contrast of blast 
deposits in furrows. A multitude of erosional gullies (dark sinuous lines angling down and to the right) forms a grid almost 
orthogonal to the furrows (white markings angling up and to the left). Many of the furrows in this photo are indicated in 
Figure 4, west of the ridge crest. Distance along light-colored ridge crest from the top of photo is 240 m. 
similar to the typical spacing between Douglas fir trees.) 
Furrow lengths are often 100 m, but furrows with lengths only 
/•bout twice their width do occur (e.g., J2-I5; see Figure 3). 
Furrows that cover a !.arge area seem to merge and/or bifur- 
cate at their ends, so in places, paths of furrows may be fol- 
lowed for several hundred meters, especially at Harry's Ridge. 
Because of the variability introduced by the merging and shift- 
ing of the furrows, it is difficult at any given site to discern an 
increase in their lateral spacing with distance from the source 
(for example, as would be expected from downstream growth 
of vortices within the flow). 
The mean depth of the furrows ranges from 7 to 72 cm, with 
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Fig. 8. Furrow H2-Rt66 which originates downstream of a small sheltered region on the east sid• of Harry's Ridge 
(locality H2). The region of tree trunks in the upper center of the photo is the sheltered separation zone. '•The furrow begins 
at the reattachment point at the edge of this separation zone and extends 100 m downstream (behind the photographer). 
The straight ape is stretched from one edge of the furrow to the other, thus showing the inferred original slope. Note the 
prominent zone of soil and roots on the uphill edge of the furrow. The land surface was everywhere lowered at least to the 
level of these tree roots and was additionally lowered within furrows such as this one. An erosional gully starts at the top 
right behind the standing figure, turns down to the bottom of the furrow, where it runs along the furrow until it cuts 
through the lower crest (at the base of the tape) into the next furrow downhill. The visible portion of the tape is 6.1 m 1or•g. 
See also Figure 14c. 
many being of the order of 20 cm deep. On the other hand, as 
many as 30-50 cm of soil above the remaining crest lines of 
the furrows (that is, above the small Douglas fir roots that are 
exposed on the tops of these crests) may also have been re- 
moved. Thus the currently exposed furrows could represent as 
little as one third of the total amount of material eroded by 
the mechanism of erosion responsible for the furrowing. 
3. FLUID-MECHANIC ORIGINS 
OF THE FURROWS 
The implications regarding the nature of the blast flow field 
suggested by the scale and regularity of the furrows at Mount 
St. Helens are significant. The occurrence of regular structures 
in a flow at Reynolds number as high as that of the blast (see 
section 4) indicates that there was strong coupling and feed- 
back between the topography, the process of furrow forma- 
tion, and the flow itself. Such feedback and coupling lead to 
the development of large-scale vortical motions in turbulent 
shear flows. These organized motions contain much of the 
turbulent energy and occur at the largest scale of the shear 
flow, i.e., of the boundary layer thickness (the boundary layer 
is defined to be the region of the blast flow adjacent to the 
ground in which deceleration by shear stresses on the ground 
occurred). One such motion which is frequently observed is a 
periodic array of large vortices aligned with the flow direction. 
These enhanced motions may originate from, but are distinct- 
ly different from, the much smaller, more transitory and ir- 
regular longitudinal vortices that are observed in the viscous 
sublayer of turbulent boundary layers, to which the formation 
of sand streaks has been attributed [Weedman and Slin•lerland, 
1985]. As already stated, we assume that the furrows at 
Mount St. Helens were produced by such longitudinal vorti- 
ces. The swirl velocity at ground level under such vortices can 
be of the same order as the free-stream velocity outside the 
boundary layer. Because of this high velocity, as well as the 
fact that the pressure at the eye of the vortices might be quite 
low, adding a vacuuming effect, erosion under the vortices can 
be much larger than in a vortex-free flow. Evidently the vorti- 
ces formed shortly after tree removal (early in the erosive 
phase of the blast flow) and then were maintained long 
enough to erode into the furrows. It is likely that local vortex- 
generating features, such as tree stumps and small topograph- 
ical depressions, determined the specific sites at which the 
vortices nucleated. Similar processes involving longitudinal 
vortices are thought to be the cause of spiral grooves and 
crosshatching which develop on supersonic reentry bodies 
[Canning] eta!., 1968; McDevitt and Mellenthin, 1969; Tobak, 
1969]. 
Large-scale vortical motions in turbulent shear flows are 
generated by flow instability. Longitudinal vortices in wall- 
bounded flows are observed in two different fluid-mechanical 
settings, corresponding to the two settings described for 
Mount St. Helens in section 2 (Figures 1 and 4). In the first 
setting, a separated free shear layer dividing high-speed outer 
flow from inner, low-speed recirculating flow reattaches to a 
wall. Centrifugal instabilities in the shear layer upstream of 
reattachment [Konrad, 1976; Bernal and Roshko, 1986] and in 
the flow that is turning parallel to the wall in the neighbor- 
hood of reattachment [Ginoux, 1958] generate streamwise 
vorticity. The pertinent instability mechanism was treated by 
Taylor [1923] and G6rtler [1954], the latter in the context of 
boundary layer flow over a concave surface. The instability 
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acts independently of the action of viscosity. Low-energy fluid 
near the wall, if displaced away from the wall toward the 
center of curvature of the wall, tends to "fall" toward the 
center of curvature, while displacement of high-energy outer 
fluid toward the wall causes it to spin away from the center of 
curvature toward the wall. In both cases the initial displace- 
ment increases, signaling instability. The Taylor instability 
leads to the development of an array of counterrotating pairs 
of longitudinal vortices and is the cause of the transition from 
laminar to turbulent flow on concave plates. Streamwise vorti- 
ces are observed in similar circumstances in both laminar and 
fully turbulent flow, and they occur in both subsonic and 
supersonic flow [Tani, 1962; Ginoux, 1958]. In particular, 
Ginoux showed that they occur downstream of reattachment 
behind backward facing steps in supersonic flow. Hopkins et 
al. [1960] used improved flow visualization to highlight the 
vortices (Figure 15a). The apparatus in this experiment can be- 
compared with the geometry at Harry's Ridge shown in 
Figure 4, and the oil streaks downstream of the backward 
facing step with the furrows on Harry's Ridge (Figure 7a). 
In the second setting, the component of flow normal to the 
long axis of slender bodies (for example, cones) at small angle 
of attack is unstable [Gregory et al., 1955; Stuart, 1963]. 
(Angle of attack is defined as the angle between the direction 
of the undisturbed oncoming flow and the axis of a body 
embedded in the flow.) The cross-flow instability occurs in low 
Reynolds number laminar and transitional boundary layers; 
its development depends on the existence of viscous stresses in 
the layer, and it is similar to the Tollmien-Schlichting insta- 
bility [Tollmien, 1929; Schlichting, 1933] in plane flow over a 
flat plate. Cross-flow instability waves form normal to the 
cross-flow velocity component and so, when fully developed, 
appear as an array of corotating vortices aligned very nearly 
in the streamwise direction. Figure 15b shows the ablation 
pattern formed by streamwise vortices on a 10 ø half-angle 
cone of NH4CI tested at 10 ø angle of attack in air flowing at 
Mach number M = 7.4. It is presumed [McDevitt and Mel- 
lenthin, 1969] that the appearance of corotating vortices in 
high Reynolds number turbulent boundary layers is also due 
to the cross-flow instability. 
The central ridge of Spirit Lake is very similar to a half 
cone; from map measurements, the semivertex angle 0 can be 
determined to be approximately 16 ø . The long axis (crest) of 
the ridge lies at an "angle of attack" •z of about 15ø+o 3 to the 
direction from the presumed source of the blast in the mouth 
of the present crater. The two cones in Figure 15b are oriented 
to simulate the plan view and the elevation view of the central 
ridge locality, respectively. Spirit Lake provides a plane of 
symmetry about which-the central ridge would be "reflected" 
to complete a full three-dimensional conical shape. Although 
the geometry of the Studebaker Ridge locality is not as simple 
as that of the central ridge, there was a component of cross 
flow there as well, and we suggest that the furrows at Studeba- 
ker Ridge result from the same flow mechanisms as at the 
central ridge. 
Longitudinal vortices occur in both subsonic and super- 
sonic flow. Laboratory experiments on supersonic reattaching 
flow [Ginoux, 1958] suggest that they are stronger and more 
regular than in subsonic flow. It is not known whether the 
development of streamwise grooves on a body downstream of 
reattachment further intensifies and organizes the longit. udinal 
vortices. On the other hand, the formation of .ablation pat- 
Fig. 9. Looking upstream along the axis of a furrow toward the 
topographically sheltered zone on Harry's Ridge. The view is to the 
south, and the crest of the ridge shows at the top. The furrow is 
expressed as the trough at the left of the photograph; it is partially 
filled with blast deposits toward the right. These deposits have been 
cut by water running down the axis of the furrow (toward the camera) 
and then downslope to the right. This fluvial gullying produces the 
pseudo-dune form of the blast deposit that fills the furrow. The zone 
of downed trees and small vegetation toward the top of the photo is 
the sheltered zone, where the flow separated as it came over the ridge 
toward the viewer. Note the decrease in the height of standing trunks 
toward the observer. The decrease in these stump heights was used to 
obtain the estimate of radius of curvature for flow reattachment of 
100 m in section 4 of the text. Some of the larger stumps at the top of 
the separation zone are shown in Figure 10. The flow reattachment 
point is at the vegetation line (this scrub vegetation was presumably 
protected from erosion and furrowing by snow cover). The distance 
from the skyline ridge to the photographer is about 260 m. 
terns due to cross flow on slender bodies depends on waves 
induced by the altered surface geometry. There are only two 
situations in which such waves can occur. In one, the flow 
relative to the body is supersonic, and standing waves lie in 
the supersonic region between the body and the shock wave 
that wraps around the body [-Tobak, 1969]. In the second, a 
thin layer of dense fluid moves at supercritical velocity over 
the body, and the waves stand on the free surface of the super- 
critical flow [Persen, 1971]. The formation of sand waves is a 
well-known example of the latter process [Simons et al., 1965]. 
Thus the furrows at Mount St. Helens may be taken as tenta- 
tive evidence of either (1) supersonic velocity in a relatively 
deep blast flow or (2) supercritical flow in a shallow density 
current. Unfortunately, little theory is available to provide the 
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Fig. 10a 
Fig. 10b 
Fig. 10. Evidence for recirculation of flow in the protected region 
shown in Figure 9. (a) A sheared tree stump viewed orthogonal to the 
blast flow direction (left to right). In contrast to the "war bonnet" 
shape typical of many stumps at other locations in the devastated 
area [see Kieffer, 1981, p. 382], this stump has a more conical shape. 
The uphill side of the trunk is about 1.2 m high. (b) The upstream side 
of the same stump showing abrasion and pitting on the scale of a few 
centimeters diameter. (c) The downstream abrasion and pitting of the 
same stump, indicating reverse flow, but erosion by much smaller 
particles than in the direct flow, implying a lower velocity in the 
recirculating flow. (d) A conical stump typical of the protected region, 
indicating roughly equal abrasion from all directions. The stump is 
approximately 3 m tall. 
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Fig. 11. (a) Aerial view from a point directly above the crest of the central ridge, showing a subtly S-shaped furrow 
crossing the crest from left to right at the center of the photo. North is toward the top of the photo. Throughout the top 
two thirds of the photo, furrows are seen crossing the crest at angles ranging from 11 ø to 33 ø. The trench through furrows 
C1-E1 to C1-E4 shows as a dark horizontal mark at the north end of the gray patch lying halfway between the S-shaped 
furrow and the bottom of the photo. The arc running from bottom center to center right delineates the limit (trim line), 
140 m above the present level of Spirit Lake, of the run-up of the wave in Spirit Lake generated by the debris avalanche on 
May 18, 1980. (b) Schematic illustration of some of the furrows in Figure 11a. S, S-shaped furrow; T, trench; TL, trim line; 
and C, ridge crest. 
basis for testing the second hypothesis; below we discuss the 
former rather extensively. 
It is clear that the swirling motion in longitudinal vortices 
can bring high-energy fluid to the ground, thereby increasing 
shear and erosion. The question arises whether the flow in 
counterrotating vortices generated by the Taylor mechanism 
might be different enough from the flow in corotating cross- 
flow vortices that erosional differences which permit the dis- 
tinction of the two mechanisms would be visible. Since at 
ground level the swirl velocities of neighboring counterrotat- 
ing vortices are in opposition, while those of corotating vorti- 
ces are always in the same direction, it is possible that the 
former would tend to erode cross sections with sharper crests 
than would the latter. We have noticed that the furrows at 
Studebaker Ridge and the central ridge are distinctly smooth- 
er in appearance than those that occur downstream of shel- 
tered regions (cf. Figures 2 and 5a, and 6a and 3, respectively). 
This observation would be consistent with furrows at these 
different locales originating from the two different mechanisms 
described above. 
4. IMPLICATIONS OF OBSERVATIONS 
In this section we express our results in a form which per- 
mits comparison to other observations, and we estimate some 
properties of the highly erosive initial stage of the blast. Ero- 
sion rates in turbulent flow are commonly associated with 
shear stresses exerted on the eroding surface by the moving 
fluid in the boundary layer. The shear, in turn, depends on 
properties of the flow further away from the surface, such as 
the free stream flow velocity U, flow density p, viscosity/•, and 
also on the boundary layer thickness •5. Indeed, the rate at 
which momentum is added to or extracted from the flow by 
shear, and also the rate of mass and energy transfer caused by 
erosion, deposition, drag, and heat transfer at the surface of 
the ground, all determine the local growth rate of the bound- 
ary layer at any station downstream from the source of the 
flow. Thus if we could measure the rate of boundary layer 
growth by assuming, say, that an observed increase of furrow 
spacing in the streamwise direction at a given locality indi- 
cates an increase of vortex diameter and therefore of boundary 
layer thickness, we could obtain significant information about 
transport. Unfortunately, as already noted, because of the 
variability introduced by the merging and shifting of furrows, 
it is difficult at any given site to discern an increase of furrow 
spacing in the streamwise direction. On the other hand, the 
absolute magnitude of the boundary layer thickness, which is 
determined by the accumulated history of the flow from its 
origin to the point of observation, is rather well constrained 
by the observations of furrow spacing, so an indirect estimate 
of the erosional efficiency can in fact be made. In addition, we 
use the orientation of the furrows near the crest of the central 
ridge as a measure of the "upwash angle" there to obtain an 
estimate of the Mach number and flow velocity. Finally, we 
discuss the implications of the observed boundary layer thick- 
ness and compare the erosive efficiency of the furrow-making 
process with that of laboratory-observed vortex-free flows. 
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Fig. 12. (a) Photograph of the downhill edge of a trenched furrow (C1-E1) at the crest of the Central Ridge, with 
schematic illustration of features in Figure 12b. The view is downstream along the furrow axis. The trench is orthogonal to 
the axis. The furrow extends into coarse W-pumice on the right, where remnant tree root fragments (R) are visible. The 
lens-shaped eposit is lateral blast material filling the furrow (the deposit is largely the fine-grained layer 2 (A2), but coarse 
layer 1 (AI) material is visible at the base of the blast deposit). The furrow has been eroded through W-deposits into 
underlying Castle Creek B deposit (dark brown scoria) (B) and (not shown) P deposits (fine, light brown-pink ash). 
Terminology of deposits from Crandell and Mullineaux [1973]. In Figure 12b the line E indicates the projected edge of the 
furrow into the third dimension, the downstream flow direction. The furrow is the contact between the blast units A2 or 
A1, and units B or W. 
The discussion in this section is premised on the assump- 
tions of the single-fluid theory of equilibrium dusty gases 
[Marble, 1970], in which momentum and energy exchange 
between the phases occur rapidly and the solid particles do 
not interact. Under these assumptions the flow density is given 
by the sum of the material density p• of the vapor phase and 
the distributed density p• of the solid phase, p - p• + p•, while 
the viscosity is simply the material viscosity of the vapor 
phase, # = #•. If the particles are not of uniform size, they do 
not interact only if the total volume they occupy is small, i.e., 
p• << d•, where d• is the material density of the solid material. 
The values of p•, d•, and #• are relatively well constrained for 
explosive eruptions of the magnitude of the May 18, 1980, 
eruption of Mount St. Helens. Using conditions appropriate 
to the regions in which furrows are observed, we take the 
density and viscosity of hot steam at 1 atm and 220øC to be 
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Fig. 13. Cross section of furrow Cl-W3, the third furrow below the crest on the west side of the central ridge into 
Spirit Lake. The vertical scale is magnified 5.4 x, and distances from a baseline sloping at the actual mean slope of the 
hillside (solid line) are plotted in the figure. The origin of the vertical and horizontal coordinates is at a reference point at 
the upslope extremity of the traverse; the labels on the vertical axis apply to the cross section at the left edge of the plot 
(horizontal distance 12.7 m). On the downhill side of the furrow there are two uneroded depositional contacts (Pg/Y and 
P/Pg) which depart significantly from the mean slope of the hill. If the original surface of the hill followed these contacts 
(as might be expected by mantling ash deposits), then it could be inferred that the slope was locally slightly concave at this 
location. (The magnification of the vertical distance below the sloping baseline exaggerates the curvature; a local eleva- 
tional minimum does not actually occur.) It is likely that such concavities, if extensive nough in the flow direction, could 
act as nuclei for the formation of longitudinal vortices. 
representative of the vapor phase, namely, Pv = 0.44 kg/m 3 
and #v- 1.7 x 10-s kg m- a s-a, and for the solid phase we 
take d s - 1300 kg/m 3. On the other hand, the flow velocity, 
flow time t, and flow density are very poorly constrained. U 
may be as small as 10 or as large as 500 m/s, while in the 
regions where furrows occur, plausible values of t range from 
10 to 100 s, and p from 0.1 to 500 kg/m •. 
For the purposes of the calculations to follow we take the 
boundary layer thickness 6 to be twice the lateral spacing • of 
the furrows. Using the mean value of the slope width cited 
after Table 2 (• • 7 m), we obtain 6 = 14 m. 
4.1. Instability Near Reattachrnent: Harry's Ridge 
As stated above, there is considerable streamwise vorticity 
in free turbulent shear layers [Bernal and Roshko, 1986], pre- 
sumably due to centrifugal instability in the large transverse 
rollers which comprise the layer [Brown and Roshko, 1971, 
1974]. Sigurdson [1986] showed by flow visualization how 
streamwise vorticity in a reattaching shear layer gets intensi- 
fied during the process of reattachment. The possibility also 
exists that additional longitudinal vorticity can be generated 
in the neighborhood of reattachment by the Taylor-G6rtler 
instability, because the streamlines above the point of re- 
attachment are curved concave up. Here we assess the plausi- 
bility of this hypothesis by estimating the radius of curvature 
of the flow at two different locations on Harry's Ridge. 
A dimensionless form of wall curvature which measures the 
sensitivity of boundary layers to the Taylor-G6rtler instability 
is the G6rtler number, 
G = Rero(O/r) •/: (1) 
where r is the radius of curvature of the flow, 0 is the momen- 
tum thickness of the boundary layer, and Rero is the turbulent 
Reynolds number based on the momentum thickness, 
pUO 
Rero - (2) 
#r is the turbulent eddy viscosity, which accounts approxi- 
mately for increased transport in turbulent flow. According to 
stability theory, a finite positive value of the G6rtler number 
of order one is required before Taylor-G6rtler vortices will 
form. The 0 measures the loss of momentum in the boundary 
layer due to shear stress at the surface, and its size is about 
0.09 x 6 [White, 1974, p. 495], i.e., approximately 1.3 m for 
the blast flow at Mount St. Helens. It appears here because it 
is found to provide the most effective scaling of stability re- 
sults [Tani, 1962]. Tani [1962] argued that for turbulent 
boundary layers, Rero is approximately 43, so 
G = 43(0/r) •/2 (3) 
The streamlines in the flow over Harry's Ridge are curved 
for two reasons: (1) due to the separation and reattachment of 
the flow at the prow (see Figure 4b) and (2) due to curvature of 
the topography along the cirque wall at the head of south 
Coldwater Creek (see Figure 4a). It is possible to estimate a 
typical flow curvature just upstream of reattachment by as- 
suming that the heights at which trees in the sheltered zone 
were sheared off (sketched schematically in Figure 4b) indicate 
the boundary between high-speed and low-speed flow, the di- 
viding streamline. A curve drawn through the upper ends of 
the remnant stumps is concave up with radius of curvature of 
about 100 m. Thus the G/Srtler number at the reattachment 
point G r is approximately 5, indicating that the reattachment 
conditions were strongly favorable to the formation of the 
longitudinal vortices. Fitting a circle to the curvature of the 
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Fig. 14. (a) Schematic representation of furrows Cl-Wl to Cl-W5 on the west side of the central ridge, corrected for 
preblast curvature of the slope. Vertical scale magnified 14.5 x. The horizontal origin is the same as in Figure 13, and the 
vertical origin is at an arbitrary point on the B/P contact. All vertical dimensions are plotted relative to a measured or 
interpolated uneroded contact; B/P for 0 < x < 13.8 m, P/Pg or top of Pg for 13.8 < x < 25.6 m, and Y/Yn or top of Yn 
for 27.6 < x < 33.4 m. The plotted contacts, where not used as baselines, are smoothed to straight lines. In addition, to 
simplify the definition and calculation of volume of the furrows, the curvature of the slope has been removed by rotating 
the B/P contact 0.53 ø clockwise in physical shape (7.7 ø on the figure) about the point (x = 15 m, y = 0 m). The changes 
resulting from the above transformation may be seen by comparing the profile of the furrow labeled W3 with Figure 13. 
This correction procedure does not account for pre-1980 nonuniformities which may have been eroded away by the blast 
flow and which, depending on their curvature, would have increased or decreased the estimated cross-sectional area. Note 
that the B, P, and Pg units taper in the downhill direction. (b) Furrows C1-E1 to C1-E4 on the east side of the central 
ridge. In this case, no local anomalies in the preblast topography were suggested by the orientation of depositional 
contacts, so to simplify the definition of furrows, the curvature of the slope has been removed simply by plotting distances 
from baselines laid from crest to crest of each furrow. Then the furrow boundaries are defined as the points of tangency 
with the line of mean slope. Vertical scale magnified 14.5 x. (c) Cross section of furrow H2-Rt66. Vertical scale magnified 
1.4 x. (d) Profile of furrow J2-I5 at three axial stations (10, 15, and 20 m), and the hill slope at each end of the furrow (0 
and 37.5 m). Axial distance increases in the upstream direction (south). 
cirque wall, we estimate this radius of curvature to be 2 km. 
Thus on the cirque downstream of reattachment the G/Srtler 
number was about 1.4, indicating that Taylor-G/Srtler vortices 
might have formed at this site even in the absence of separa- 
tion. We speculate that the exceptional length of the furrows 
on the west side of Harry's Ridge (and to some extent, on the 
east side), in comparison to the short furrows found on the 
north side of Johnston Ridge, may be due to the fluid- 
mechanically favorable (i.e., concave) topography downstream 
of reattachment at Harry's Ridge, in contrast to that at the 
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Fig. 14. (continued) 
Johnston Ridge location, where the topography becomes 
strongly convex about 120 m downstream of reattachment 
(Figure 3). 
Note that there is no information from the wavelength of 
the vortices about the free-stream velocity in turbulent flow. 
For this we turn to the central ridge and some estimates of the 
conditions under which cross flow produces vortices. 
4.2. Mach Number and Flow Velocity 
at the Central Ridge 
In Figure 11 more than 15 furrows can be distinguished 
near or crossing the crest of the central ridge. Relative to the 
ridge crest they lie at angles ranging from 11 ø to 33 ø, with an 
average value of 21 ø . The furrows on the west (windward) side 
of the ridge lie at somewhat smaller angles than on the east 
(leeward) side, in a pattern conforming to that of the spiral 
grooves of Figure 15b. Furthermore, as stated in section 2, the 
average depths increase from 11 cm on the west to 16 cm on 
the east, i.e., in the downstream direction for spiraling furrows. 
The similarity between the furrows and the upwash patterns of 
McDevitt and Mellenthin [1969] suggests that the geometry of 
the furrows can be used to obtain quantitative estimates of 
flow properties. As described in section 3, we represent the 
central ridge as a cone of 16 ø half angle at 15 ø angle of attack 
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Fig. 15. (a) Plan view of the flow of air from right to left at Mach 
3.0 over a backward facing step mounted on a plate whose leading 
edge is at the right of the picture [from Hopkins et al., 1960]. Fluor- 
escent oil initially painted smoothly on the plate forms streaks, indi- 
cating the presence of vortices. The vertical dark line right of center is 
the step from which the flow separates, and the smooth light band to 
the left of the step shows the extent of the region of separated flow. 
The vortices originate at the line of reattachment at the left edge of 
the separated flow region. This behavior typifies that at many lo- 
cations at Mount St. Helens downstream of topographically sheltered 
regions, best exemplified at locality H 1 on Harry's Ridge. Compare 
with Figures 4a and 4b. (b) Photograph of the ablation pattern on an 
NH4CI cone of 10 ø half-angle tested at 10 ø angle of attack in air with 
stagnation temperature 1100 K and stagnation pressure 102 bars 
flowing at Mach number 7.4 [from McDevitt and Mellenthin, 1969]. 
The body was exposed to the hypersonic stream for about 60 s. The 
figure is oriented to simulate (top) the map view of the central ridge 
locality with north to the left, and (bottom) the elevation view from 
the west. The bottom edge of the figure corresponds to the surface of 
Spirit Lake. The arrow shows the direction of air flow in the wind 
tunnel test. In the analogy with Mount St. Helens, an observer sitting 
at the cross on the cone would see the view of Figure 6a. 
0•. We assume that the furrow-forming vortices are so large 
that their orientation reflects that of the flow outside the 
boundary layer, so we can use theories which neglect the ef- 
fects of viscosity (i.e., the boundary layer) to relate the flow 
inclination to other flow properties. In particular, we use the 
inferred angle between the flow direction at the crest and the 
line of the crest, known as the "upwash angle" e, to estimate 
the Mach number. Approximate theory for slender bodies pre- 
dicts that e is twice 0• for all free stream Mach numbers M, but 
exact inviscid characteristics theory shows that for cones as 
slender as 5 ø (half angle), e can be considerably smaller than 
20•, depending on M. On the other hand, according to theories 
which account for viscous effects, the upwash angle of fluid 
deep in the boundary layer adjacent to the body surface can 
be an order of magnitude greater than 0•. However, in subsonic 
experiments with yawed cylinders [Poll, 1985], the inclination 
of oil streaks visualizing cross-flow-induced vortices is typi- 
cally only about 5 ø greater than the stream direction. This, 
together with the fact that the observed mean inclination of 
the furrows on the central ridge is substantially less than twice 
the angle of attack, indicates that the orientation at which 
furrows will form is not sensitive to motions within the bound- 
ary layer very close to the ground. 
Using Figure 4 of McDevitt and Mellenthin [1969] for air 
(ratio of specific heats y = 1.4) with the observed value 
e • 1.4•, we find M • 2.5. Neglecting the effect of the bound- 
ary layer on furrow orientation, as we have done here, yields a 
lower bound for M. For example, if we were to utilize the 
observation of Poll [1985] mentioned above, and take e just 
outside the boundary layer to be, say, 5 ø less than the furrow 
inclination, so e • 1.1 0•, then we would get M • 3.7. On the 
other hand, though the data of McDevitt and Mellenthin sug- 
gest that the dependence on 7 is quite weak for these con- 
ditions, for a smaller 7 appropriate for the multiphase blast 
medium at Mount St. Helens, the resulting value of M would 
be slightly less. Kieffer [1981, Figure 224] calculated a value 
M = 3.3 at the location of the central ridge. With a sound 
speed of 94 m/s [Kieffer, 1981-1, the result M s = 2.5 implies 
that the blast flow velocity at the central ridge was of the 
order of 235 m/s. Although this is approximately twice the 
velocity measured for the advance of the front of the blast, it is 
known that flow expansion from the jet source can accelerate 
the fluid in an underexpanded jet to velocities substantially 
larger than that of the flow head [Kieffer and Sturtevant, 
1984]. 
4.3. Reynolds Number of the Flow 
To evaluate the Reynolds number based on the boundary 
layer thickness 6, 
pU6 
R% - (4) 
we use the following estimates: U- 235 m/s (based on the 
results of section 4.2) and r5 - 14 m (see beginning of section 
4). We adopt a preferred value p- 10 kg/m 3 for the flow 
density. With these values, Re, • 1.9 x 109. This choice of p, 
together with p• given in section 3, implies that the mass 
loading, •c -- p•/p•, is approximately 23, nearly equal to that 
assumed by Kieffer [1981]. 
It is interesting that the value we have adopted for the 
thickness of the boundary layer implies a global flow scale or 
"running length" that is consistent with the scale of the Mount 
St. Helens blast. Results from two different equations for the 
distance from the source in which a boundary layer of thick- 
ness r5 will develop actually bracket the observed distances to 
furrow locations. The first equation is derived from the "law of 
the wake" and the "momentum-integral relation" for turbulent 
boundary layers in pure phases, with numerical factors evalu- 
ated from experiments on smooth flat plates [e.g., White, 1974, 
equations (6-116) and (6-117)]; 
Re,, • 8.4 Re,• TM (5) 
where Re• is the Reynolds number based on x, Re• = pUx/#•. 
With the above numerical values, (5) gives Re• • 5.7 x 10 TM 
and x • 4.2 km. The second equation is the Blasius equation, 
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Fig. 15b 
derived from experiments on turbulent pipe flow [Schlichting, 
1955, equation (21.8)]. In a form useful for present purposes it 
is 
x = 3.5• R% TM (6) 
In this case the same numerical values as used in (5) yield 
x = 10.3 km. These two results are close to the minimum and 
maximum distances at which furrows have been observed at 
Mount St. Helens. According to White [1974], at the high 
Reynolds numbers of interest here, (5) should be more accu- 
rate than (6). 
4.4. Erosion Model 
We next use an empirical model for the rate of erosion 
under a turbulent boundary layer in high-speed flow. The 
depth A of material removed during the erosive phase of the 
lateral blast is 
A - (7) 
d• 
where •fi is the time-average vertical mass flux of eroded soil 
per unit surface area. For this calculation we treat only the 
measurable erosion defined by the crests and troughs of the 
furrows, and we do not account for possible additional erosion 
above the present furrows mentioned at the end of section 2. 
In laboratory and field experiments with lightly loaded flows 
[Bagnold, 1942; Hartenbaum, 1971] it has been found that the 
mass removal rate of sand by wind shear from a horizontal 
bed is proportional to the product of the flow density and the 
so-called friction velocity, 
Ur -- (.•/p)l/2 (8) 
where z is the shear stress exerted by the flow on the ground: 
•fi = Kpu, (9) 
K, an empirically determined constant, is the "lofting el- 
ficiency." The data of Hartenbaum [1971] indicate that, in 
lightly loaded flows with uniform vortex-free boundary layers 
at velocities up to 115 m/s, the lofting efficiency, which for this 
case we designate as KvF, is approximately 0.05. We derive 
this value from the information provided by Hartenbaum 
[1971], by taking the particle density in his flow to be 108 
m-3 and the bulk density of his particulate (Ottawa sand) to 
be 2.5 x 10 3 kg/m 3, yielding a local flow density p = 2.8 
kg/m 3. With a slightly different interpretation, Hartenbaum 
reports K • 0.1. 
To estimate the friction velocity, we invoke the logarithmic 
friction law obtained from turbulent boundary layer theory 
[e.g., Termekes and Lumley, 1972, p. 186; White, 1974, p. 483], 
U 1 purl5 
- In + A (10) 
It r K K ILl t, 
where K K = 0.4 is Karman's constant and A • 8 for flat plates. 
Thus, udU is a weak function of/•, p, and •J' taking the pre- 
ferred values cited above, u,/U • 0.019. From (8) and (9), 
A = KUt (ll) 
d• U 
and we see from (10) and (11) that the material removed de- 
pends linearly on K and t, nearly linearly on U and p, and 
very weakly on fi and tc Note that the flow variables upon 
which A depends most strongly are just the ones that are 
particularly poorly constrained in volcanic blasts. Fur- 
thermore, K is not known for naturally occurring flows and 
might vary from the small values observed in the laboratory 
to, perhaps, greater than 1. Using the ranges of variables cited 
earlier in this section, the possible range of the product KtUp 
is from 5 x 10-1 to 2.5 x 10 7 kg/m2! 
To exhibit the possible variations, we have plotted A versus 
KUtp/d• in Figure 16. In the figure we have neglected small 
variations of udU, using the preferred value given above. To 
the extent that the value adopted is representative, the re- 
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.Fig. 16. Erosiofi depth as a function of erosion rate parameter (K, 
lofting efficiency; U, free stream velocity; t, flow duration; p, flow 
density; and d•, bulk density of material being eroded). Solid line 
shows the relationship given by (11) with u,/U = 0.019. Dashed lines 
show limits of observed erosion A in furrows at Mount St. Helens 
(Table 2). Chained line shows mean value of depths reported in Table 
2. 
suiting straight-line relation in Figure 16 should yield a valid 
estimate of erosion depth for volcanic blasts which do not 
differ in scale by orders of magnitude from that at Mount St. 
Helens. Also shown in Figure 16 is the range of observed 
values and the average of the mean depths recorded in Table 
2. The intersections of these lines with the solid line can be 
used, with preferred values already quoted and a preferred 
flow time t = 30 s, to give a range of lofting efficiency K 
appropriate for the Mount St. Helens blast. The results are 
given in the figure, in the column headed K•4sn. The ratio of 
KM$it to the efficiency observed in vortex-free laboratory 
flows, A = KMsn/Kvr, is also given in the figure. The results 
show that the longitudinal furrow-producing vortices at 
Mount St. Helens enhanced erosion over that observed in 
uniform vortex-free flow by a factor of from 1.3 to 14. The 
average of the observed furrow depths reported in section 2 
(which yields A = 3.8) and the preferred values of d s and t 
imply that the scouring rate at Mount St. Helens was about 
0.7 cm/s and rh was of the order of 9 kg m- • s- •. In one large 
furrow for which the volume was estimated, J2-I5, the erosion 
rate was of the order of 7 m3/s, or 9 t/s! Since the data set 
from which the average depth is derived is very limited, these 
results are presented only to give an idea of the magnitude of 
the effects. In view of the fact that the observed furrow depths 
are only a lower bound on the actual erosion caused by the 
furrowing mechanism, the resulting accuracy should be suf- 
ficient for present purposes. 
5. CONCLUSIONS 
Furrowing during the erosional phase of the blast at Mount 
St. Helens has been attributed to large high-energy longitudi- 
nal vortices in the boundary layer of the blast flow. The analy- 
sis presented here shows which variables are most important 
in determining the erosion by the vortices; many of them are 
the variables most poorly constrained by observations. The 
orientation of the furrows records the flow direction, while 
their size gives the boundary layer thickness, • • 14 m. From 
the orientation of the central ridge relative to the mountain 
and of the furrows on that ridge it is possible to evaluate the 
flow Mach number there; M • 2.5. With an estimate of the 
local sound speed, the velocity is estimated to be about 235 
m/s. This information, together with an estimate of the vis- 
cosity, is sufficient to determine the flow Reynolds number 
based on boundary layer thickness; R% • 1:9 x 10 9. The in- 
ferred thickness of the boundary layer at locations ranging 
from 3.5 to 9 km from the mountain is consistent with the 
thickness predicted by two classical formulas derived from 
laboratory experiments on the flow of single-phase fluids over 
smooth plates and in pipes. In spite of the uncertainty of many 
of the variables, the erosion under the vortices appears to have 
been up to 1 order of magnitude larger than would have been 
predicted for a vortex-free boundary layer at the same flow 
conditions. Analysis of measurements of furrow depth, com- 
bined with these estimate• of flow velocity, density, and dura- 
tion, yields the erosional efficiency of the flow, K • 0.2. Note 
that if values of p, U, or t larger than those assumed or 
inferred here were adopted, so that the product tUp were 
much larger, then the small erosional efficiency implied by 
Figure 16 would be inconsistent with the enhanced erosion 
that actually occurred in the furrows (averaging about 20 cm), 
while if tUp were much smaller, the implied efficiency would 
seem to be unreasonably large (i.e., greater than 1). On the 
other hand, a simultaneous decrease of, say, p and increase of 
U, such that tUp remains essentially unchanged, cannot be 
distinguished in this analysis. 
The furrows that occur from 3.5 to 9 km from the origin of 
the blast at Mount St. Helens are always associated with 
ridges and are found at locations where the flow orientation 
was subhorizontal. Furrows of similar shape, size, and number 
have been observed as radial channels on the uniformly slop- 
ing flanks of conical volcanoes (see section 1). A spectacular 
example, showing many erosional furrows of nearly sinusoidal 
cross section and regular spacing, was given by Richards 
[1959, Plate 21] (Figure 17). Their shape is similar to the 
sketch of longitudinal dunes at Cerro Colorado, Mexico, by 
Wohletz [1977, Figure 44], who hypothesized that at that 
locale the troughs were eroded and the crests were deposited 
by longitudinal vortices. However, furrows have not been rec- 
ognized as far from the source or in as complex terrain as at 
Mount St. Heiens. This could be due to the fact that high 
velocities and densities sufficient to cause major erosion at 
Fig. 17. Aerial photo of furrows near the rim of Bfircena Volcano. 
From Plate 21 of Richards [1959], captioned, "furrow detail on the 
east flank of Bfircena. Upper ends of the furrows." 
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large distance are only found in high-energy lateral blasts, and 
that such laterally directed flows rarely occur, or that the 
debris avalanches which accompany lateral blasts usually 
leave overlying and/or obscuring deposits, or that furrows in 
steer• and complex terrain are particularly hard to recognize 
after they become eroded. Nevertheless, radial channels on 
volcanic cones may be related to the reattachment mecha- 
nisms discussed in this paper if the channels were formed, for 
example, during collapse of a Plinian column, when flowing 
material would fall back onto the slopes. In such a case, the 
curvature of the flow required for the formation or intensi- 
fication of streamwise vortices would be provided by the 
change of flow direction from subvertically downward to 
parallel to the slope. Intensification or lack of intensification 
of vortices under these conditions may have significant impli- 
cation not only for erosion and dune formation, but also for 
the distance at which some characteristic near-vent deposits 
(e.g., lag breccias) are produced, because the enhanced erosive 
ability implied by the presence of large-scale vortices may 
influence the distance at which the transition from erosional 
to depositional conditions can occur. In view of the fact that 
the region around many volcanoes is heavily populated at 
10-km distances, the factor of 4 enhancement of erosion by 
longitudinal vortices inferred in this work may have signifi- 
cant implications for the engineering design of protective 
structures in zones where furrowing may occur. It is hoped 
that the work presented here will lead not only to further 
examination of the possibility of furrows at both proximal and 
distal locations at other volcanoes, but also to further investi- 
gations of their function and of the implications of coupling 
between topography and flow. 
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